Introduction
Research from the past two decades has shown that the Sonic Hedgehog (Shh) signaling pathway mediates the development and maintenance of several different neural circuits in the brain. In the visual system of Drosophila, Hedgehog (Hh) is produced by photoreceptor neurons and transported along their axons, initiating the differentiation of postsynaptic target cells in the visual processing centers of the brain (Huang and Kunes, 1996; Chu et al., 2006) . This presynaptic-to-postsynaptic or, more simply, eyeto-brain, relay of Hh signal determines the highly ordered assembly of neural networks in the Drosophila visual system (Kunes, 2000) . In the olfactory system of Drosophila, Hh signaling also plays a role in circuitry development, albeit in a retrograde direction. The axons of olfactory receptor neurons from the periphery respond to and are guided by target-derived Hh from the glomerulus in the brain (Chou et al., 2010) . This retrograde Hh signaling process provides the basis for a precise spatial coordination between the olfactory receptor neurons in the nose and the glomerular map in the brain (Ressler et al., 1994; Vassar et al., 1994; Vosshall et al., 2000) .
In the developing mammalian cerebral cortex, Shh, produced by layer V corticofugal target neurons, guides network assembly from specific populations of incoming neurons (Harwell et al., 2012) . In the adult cortex, Shh signaling is crucial in preserving the nigrostriatal circuit; disruption of Shh signaling from dopaminergic neurons leads to the degeneration of multiple types of neurons in the mesostriatal circuit (Gonzalez-Reyes et al., 2012) . Although focusing on different parts of the nervous system and describing a variety of roles, these findings support the conclusion that Shh signaling plays roles in establishing and maintaining the connectivity between neurons.
The neurons in the hippocampus also contain Shh and its key signaling components, including the receptor Patched (Ptch) and the transducer Smoothened (Smo) (Traiffort et al., 1999; Sasaki et al., 2010; Petralia et al., 2011a,b) . However, the functions of Shh signaling pathway in hippocampal neurons are unknown. We found previously that Shh pathway activity affects the presynaptic terminals of hippocampal neurons, regulating both their molecular components and function (Mitchell et al., 2012) . We now report that, in young hippocampal neurons before they reach the stage of developing synaptic terminals, Shh signaling stimulates axon elongation. Surprisingly, whereas Shh signal transduction initiates from cell bodies and/or dendrites of the neurons, the Shh-induced axon elongation is observed even in neurons that lack detectable primary cilia. Our analysis also shows that the Shh-elicited effect depends on Smo and Gli transcription factors and is mediated through the actin-binding protein profilin1 (Pfn1).
Materials and Methods
Animals. All animal procedures were approved by the National Institute on Aging-National Institutes of Health (NIH) and the National Institute on Deafness and Other Communication Disorders-NIH Animal Care and Use Committee and complied with the NIH Guide for the Care and Use of Laboratory Animals. Timed pregnant female Sprague Dawley rats were used as the source of embryonic brains to establish cultures of hippocampal neurons.
Reagents. HEK293 cells that overexpress Shh-N were kindly provided by Dr. James K. Chen (Stanford University). We prepared Shh-Nconditioned medium from Shh-N-overexpressing 293 cells exactly as described previously (Chen et al., 2002a,b) . The efficacy of ShhN was validated using the Shh-light2 assay (Taipale et al., 2000; Mitchell et al., 2012) . Throughout this study, we use ShhN to refer to Shh-Nconditioned medium. ShhN and control medium were used at 10% for all experiments. The Shh small-molecule agonist (SAG) and cyclopamine were purchased from Axxora. Robotnikinin was from BioVision. GANT61 and latrunculin A were from Enzo Life Sciences. BDNF was from Cell Sciences. NIH3T3 cells were from the American Type Culture Collection and maintained according to their protocol.
Antibodies. Tuj1 (MMS-435P and MRB-435P) and Smi312 (SMI-312R) antibodies were from Covance. MAP2 antibodies (M1406 and M9942) were from Sigma-Aldrich. ACIII (adenylate cyclase III) antibody (sc-588) was from Santa Cruz Biotechnology. Acetylated tubulin (T6793) and ␤-actin (A5441) antibodies were from Sigma-Aldrich. RPCA-ACIII antibody was from EnCor Biotechnology. Arl13b antibody (75-287) was from NeuroMab. Smo antibody (ab38686) was from Abcam. Antibodies to Gli1 (2534), Profilin1 (3237), cofilin (5175), and phosphor-cofilin (3313) were from Cell Signaling Technology. Profilin2a antibody (PF2A3) was from the Developmental Studies Hybridoma Bank.
DNA and shRNA constructs. The Shh activity reporter Glix8::EGFP was kindly provided by Dr. James K. Chen at Stanford University ). The Gli repressor constructs Gli3N and PAP-A were kindly provided by Dr. James Briscoe at the Medical Research Council National Institute for Medical Research (London). All profilin1 constructs were kindly provided by Dr. John E. Landers at the University of Massachusetts Medical School .
The rat profilin1 pGIPZ-shRNA clones were obtained from GE Healthcare/Dharmacon. Among the four candidate shRNAs, the clone V3LHS_366349 (5Ј-CTTGTTGATCAAACCACCG-3Ј) was the most consistent and effective in reducing profilin1 protein abundance of both neurons (see Fig. 8 A, B) and NIH 3T3 cells (P.J.Y., unpublished findings). Lentiviral shRNAs were produced using the method described by Salmon and Trono (2007) .
The Smo shRNA was designed exactly as described by Parra and Zou (2010) and the construct pRFP-CB-shLenti-Smo-shRNA was produced by OriGene (clone HT 138738A; the identical clone used by Parra and Zou, 2010) . The efficacy of the Smo shRNA in reducing Smo in hippocampal neurons was confirmed (see Fig. 2G ).
Hippocampal neuron culture and transfection. Cultures of hippocampal neurons were prepared from embryonic day 18 rat brains as described previously (Mattson et al., 1989; Kaech and Banker, 2006; Bushlin et al., 2008) . Dissociated neurons were plated at low density (ϳ50 -100 cells mm Ϫ2 ) for immunofluorescence and at high density (ϳ200 cells mm Ϫ2 ) for transfection, immunoblotting, and live-cell imaging experiments. The neurons were grown in neurobasal medium supplemented with B27 (Invitrogen). For immunofluorescence and live-cell imaging, the neurons were grown on polylysine (1 mg ml Ϫ1 )-coated glass coverslips (thickness #1.5). For immunoblotting, the neurons were grown in polylysine-coated plastic dishes. The age of the cultures used for each experiment is indicated in the figure legends. For transfection experiments, a calcium-phosphate-based kit (Invitrogen) was used.
For compartmentalized cultures, dissociated neurons were plated and grown in microfluidic chamber devices (Xona Microfluidics) following a protocol described by Taylor et al. (2005) and Park et al. (2006) . Neurons were grown for at least 2 d to allow axons to enter into microchannels. Total volume difference between the two compartments was kept at 50 l to maintain fluidic isolation during experiments.
Immunocytochemistry, fluorescence microscopy, and image analysis. Immunofluorescence labeling was performed as described previously (Bushlin et al., 2008) . In brief, neurons were fixed in 4% paraformaldehyde and 4% sucrose for 15 min, permeabilized in 0.2% Triton X-100, and blocked in 10% BSA. The neurons were then incubated with a primary antibody overnight at 4°C. The dilutions of the primary antibodies used in this study were as follows: Tuj1, 1:1000; Smi312, 1:1000; MAP2, 1:2500; and ACIII, 1:500. After washing, the neurons were incubated with an appropriate fluorescently tagged secondary antibody. The glass coverslips containing the labeled neurons were mounted in Prolong antifade reagent (Life Technologies).
The labeled neurons were examined using a 40ϫ or a 63ϫ objective on a Zeiss LSM710 laser scanning confocal microscope. All images were acquired at a 1024 ϫ 1024 pixel resolution. The confocal acquisition settings were kept the same for those samples when quantification was performed. The brightness, contrast, and levels of the images were minimally adjusted (in Adobe Photoshop CS6) for those images presented. No additional digital image processing was performed.
Two or three coverslips from each culture were used for analysis. In each coverslip, the first ϳ10 neurons with clearly traceable axons and dendrites were photographed. Axons were identified based on positive immunolabeling for Smi312 and Tuj1. The length of axons and dendrites was measured using ImageJ.
For measuring axon growth in compartmentalized cultures, we used two methods. For neurons at 3 d in culture, we traced individual axon bundles from soma barrier to axon tips and measured their length. For neurons at 5 d in culture or older, we measured mean fluorescence intensity of Smi312-or Tuj1-labeled axons in a defined area from soma barrier to axon tips.
Live-cell imaging and kymograph analysis. Live-cell imaging experiments were performed using a Zeiss LSM780 laser scanning confocal microscope outfitted with a sealed environmental chamber that was set at 37°C and 5% CO 2 . We selected neurons with these two criteria for imaging: (1) exhibited unambiguous neuronal morphology and (2) expressed a low to moderate level of Smo::tdTomato. We distinguished axons from dendrites based on their morphological characteristics (Banker and Goslin, 1988; Mattson et al., 1989; Bushlin et al., 2008) . Image acquisition was performed every 200 -250 ms for a total of 200 frames. The frame size was minimized to cover only the portion of the dendrite being imaged. Kymographs were generated using ImageJ and the velocity of Smo particles was analyzed as described previously .
Immunoelectron microscopy. Postembedding immunogold labeling was performed following established methods (Petralia and Wenthold, 1999; Bushlin et al., 2008; Petralia et al., 2010) . Briefly, after cryoprotection and embedding, tissue sections were further processed and embedded in Lowicryl HM-20 resin using a Leica AFS freeze-substitution instrument. After blocking, sections were incubated with primary antibody. Smo antibody was used at 1:100. After incubation with 10 nm gold-conjugated secondary antibody, the sections were stained with uranyl acetate and lead citrate.
For all electron microscopy methods, images were stored in their original formats and final images for figures were prepared in Adobe Photoshop; levels and brightness/contrast of images were minimally and evenly adjusted over the entire micrograph. Control sections omitting the primary antibody showed only rare gold labeling.
qRT-PCR. Total RNA was isolated from neurons using TRIzol (Invitrogen). One microgram of RNA was reverse transcribed with random hexamers using SuperScript III reverse transcriptase (Invitrogen). The resulting cDNA (1/10) was used as a template for qRT-PCR with SYBR Green Master Mix (Invitrogen) on an MJ Research PTC-200 thermocycler. Sequences were as follows: Gli1, 5Ј-ATGGATACTAGAGGGCTACAGG-3Ј, and Ptch1, 5Ј-GGTTGTGGGTCTCCTCATATTT-3Ј.
Immunoblot analysis. Cells were lysed in RIPA buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 1% sodium deoxycholate) containing protease inhibitors. The lysed cells were centrifuged at 10,000 ϫ g for 10 min at 4°C. The amount of total proteins in the cell lysates was estimated with a Pierce BCA protein assay kit. Protein samples were separated by 4 -20% Bis-Tris SDS-PAGE and transferred to nitrocellulose membranes. After incubation with blocking buffer (5% dry milk and 0.05% Tween20 in PBS), the membranes were incubated overnight at 4°C in the blocking buffer containing the following antibodies: Gli1, 1:1000; Pfn1, 1:1000; Pfn2a, 1:200; cofilin, 1:1000; phos-cofilin, 1:1000; and ␤-actin, 1:5000. The membranes were then washed (0.1% Tween 20 in PBS) and incubated with the appropriate peroxidaseconjugated secondary antibodies. The proteins were visualized using a chemiluminescence kit from Pierce. The intensity of protein bands was analyzed using ImageJ software.
Data analysis and statistics. Statistical comparisons were performed using Student's t test (KaleidaGraph software; Synergy). All results are expressed as mean Ϯ SEM.
Results

Activation of the Shh signaling pathway in hippocampal neurons
To determine whether young hippocampal neurons respond to Shh, we treated the neurons with ShhN for 1-2 d and then measured the expression levels of Gli1 and Ptch1. Gli1 and Ptch1 are In Experiment 1 (Exp 1), neurons were grown in the compartmentalized system for 2 d (2 DIV) before treatment with ShhN for 24 h (C-F ). In Exp 2, neurons were grown for 4 d before treatment with ShhN for 24 h (G, H ). C, Representative images of axons growing through the microtunnels into the axon compartment. Many neurons grew longer axons when ShhN was added exclusively to the somatodendritic compartment. D, Quantitative analysis of axon lengths of neurons exposed to the indicated treatments that were applied either to the somatodendritic or axon compartments. Individual axons were traced and measured from soma barrier (yellow dashed line in C) to axon tips. n ϭ at least 60 axons obtained from five or six cultures. E, Distribution of axon lengths of neurons to which ShhN was applied to the somatodendritic compartment. F, Quantitative analysis of axon lengths of neurons exposed to the indicated treatments that were applied (Figure legend continues.) strongly induced by Shh signaling, so their expression levels serve as sensitive and reliable readouts of the pathway activity (Ingham and McMahon, 2001; Varjosalo and Taipale, 2008) . Assessment of the mRNA by qRT-PCR of ShhN-treated neurons showed a robust increase of Gli1 and Ptch1 mRNA, ϳ20-fold more than untreated control neurons (Fig. 1A) . Immunoblot analysis of total cellular proteins showed that ShhN or small-molecule agonist (SAG) (400 nM) increased Gli1 protein abundance, whereas cyclopamine (a Shh antagonist; 10 M) or BDNF (50 ng/ml) did not ( Fig. 1 B, C) . ShhN treatment also increases protein abundance for Ptch1 (Mitchell et al., 2012) and Neuropilin1 (P.J.Y., unpublished observations), a protein known to be upregulated by Shh signaling activity (Hillman et al., 2011) .
To evaluate the response of individual neurons to Shh treatment, we transfected neurons with Glix8::EGFP, a Shh pathway reporter ) that expresses EGFP under the control of a Gli1-responsive promoter. In untreated control neurons, we observed low but detectable expression of Glix8::EGFP, possibly reflecting endogenous constitutive Shh pathway activity in these neurons (Fig. 1D , left). After ShhN treatment, the expression of Glix8::EGFP was visibly increased (Fig. 1D , right, Fig. 1E ). Therefore, exogenously provided ShhN induces Shh pathway activity in young hippocampal neurons.
Shh promotes axon elongation in hippocampal neurons
To determine the effect of ShhN treatment on the growth of young hippocampal neurons, we added ShhN to neurons on the day of plating (0 d in vitro, DIV) and examined the neurons 2 d later (0 ϩ 2 DIV). To visualize neurons and identify their axons, we labeled cells with the neuronal marker Tuj1 and the axonal marker Smi312 ( Fig. 2A) . ShhN treatment did not appear to affect the number of neurites per neuron or the proportion of neurons that developed an axon (P.J.Y., unpublished observations); however, many axons from ShhN-treated neurons were noticeably longer ( Fig. 2 A, B) . The average axon length for untreated control neurons at 2 DIV was ϳ100 m, whereas the length of the axons from ShhN-treated neurons nearly doubled (109 Ϯ 8.3 m vs 202 Ϯ 10.6 m, p Ͻ 0.001; n Ͼ 60 neurons from at least 6 cultures; Fig. 2C ). This Shh-induced axon elongation was also observed in neurons treated with ShhN for either 1 or 3 d (Fig. 2D) .
The axon elongation phenotype was also evident in neurons treated with SAG. However, cotreatment of ShhN and the antagonist cyclopamine blocked ShhNЈs stimulative effect ( Fig. 2 A, C) . Because both SAG and cyclopamine target Smo directly (Taipale et al., 2000; Chen et al., 2002a,b) , these data suggest that the observed ShhN-induced axon elongation is likely mediated through Smo. To confirm this, we tested a Smo-shRNA construct that effectively reduced Smo protein level in rat spinal cord commissural axons (Parra and Zou, 2010) and hippocampal neurons (Fig. 2G ). Figure 2 , E and F, shows that knock-down of Smo largely prevented ShhN-elicited axon elongation. Furthermore, in the neurons without ShhN treatment, knock-down of Smo caused them to grow subtly but significantly shorter axons (SmoshRNA 107 Ϯ 7.4 m vs Ctr-shRNA 129 Ϯ 9.3 m p Ͻ 0.01; n Ն 30 neurons from 3 cultures; Fig. 2F ), implying that the endogenous Smo-mediated Shh pathway activity contributes to axon growth in hippocampal neurons.
We next investigated whether the Shh-induced axon growth depended on Gli-mediated transcription. We used the Gli inhibitor GANT61 (Lauth et al., 2007) . Cotreatment of ShhN with GANT61 (10 M) completely abolished axon elongation induced by ShhN (Fig. 2 H, I ), suggesting that ShhN-induced axon elongation is mediated by transcriptional targets of Gli. When neurons were treated with GANT61 alone without exogenously added ShhN, their axons were shorter than the axons from untreated control (GANT61 treated 100 Ϯ 5.5 m vs untreated control 128 Ϯ 7.4 m, p Ͻ 0.05; Fig. 2 H, I ). This result, together with the observed reporter expression in control cells (Fig. 1 D, E) and Smo shRNA result (Fig. 2F ), suggests that, in control neurons, endogenous Smo-and Gli-dependent Shh pathway activity could contribute to the basal rate of axon growth. We also tested the effect of the Gli3 repressor constructs Gli3N and PAP-A (Briscoe and Therond, 2013). The expression of either construct in neurons blocked ShhN-induced axon elongation ( It has been reported that Shh affects dendritic spines of older mature neurons (Sasaki et al., 2010) . However, in young neurons at the early developmental stage that we studied, we did not observe any evident changes in dendrite length after either ShhN or SAG treatment (control 82 Ϯ 16 m vs ShhN 117 Ϯ 27 m, p Ͼ 0.05; control 82 Ϯ 16 m vs SAG 108 Ϯ 24 m, p Ͼ 0.05). Therefore, we focused on Shh's effect on axon growth in this study.
Shh signaling initiates at the somatodendritic sites
To determine where in the hippocampal neuron Shh signal transduction might initiate, we used a compartmentalized microfluidic culture system that allowed us to treat the cell bodies and dendrites or the distal axons exclusively (Taylor et al., 2005; Park et al., 2006) . The fluids on each side of the chamber are isolated due to the long (450 m) and narrow channels and the difference in fluid volume. Hippocampal neurons loaded into one side of the microfluidic device typically extend their axons into and through microchannels after 2 d in culture (Fig. 3A) . Dendrites from hippocampal neurons as old as 10 DIV are not long enough to traverse the 450 m channels (Taylor et al., 2005; Park et al., 2006; and P.J.Y., unpublished observations) . Therefore, we used the device with 450 m channels in our experiments and refer to the two compartments as the somatodendritic compartment and axon compartment.
We first examined neurons that were grown in the compartmentalization device for 2 d, followed by treatment with ShhN for 1 d (Fig. 3B) . When ShhN or SAG was added to the axon compartment, we did not observe any differences in axon length compared with the control (Fig. 3C,D) . However, when ShhN or SAG was added to the somatodendritic compartment, many axons became significantly longer (Fig. 3C,D) . The population analysis showed that the axon length distribution shifted upon somatodendritic treatment with ShhN (Fig. 3E) . We conclude 4 (Figure legend continued.) to the somatodendritic compartment. Cyclopamine, 10 M; Shh antibody, 1:100; Robotnikinin, 50 M. G, Representative images of axons from neurons grown in the compartmentalized system for 4 d and then exposed to ShhN that was applied to the somatodendritic compartment. Neurons were labeled with Tuj1 (red). Scale bar, 450 m. H, Quantitative analysis of axons as measured by Tuj1 immunofluorescence intensity in neurons exposed to the indicated treatments that were applied either to the somatodendritic or axon compartments. Notice that cyclopamine (10 M) blocked ShhNЈs effect only when it was added to the somatodendritic compartment. n ϭ 4 cultures. I, Representative images of Tuj1 (green) labeled hippocampal neurons infected with either the control or Smo shRNA lentivirus. ShhN was added to the somatodendritic compartment. Scale bar, 450 m. J, Comparison of axon density as measured by Tuj1 immunolabeling intensity between hippocampal neurons expressing either control or Smo shRNA. n ϭ 4. Error bars indicate SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, unpaired t test. ns, Not significant.
that the observed ShhN-induced effect of axon elongation was a direct result of ShhN activity because it was blocked by coapplying to the somatodendritic compartment ShhN and either a Shh-specific antibody or the Shh blocker robotnikinin (50 M; Stanton et al., 2009) (Fig. 3F ) .
Cyclopamine applied to the somatodendritic compartment not only blocked the ShhN-induced effect, but also resulted in slightly shorter (statistically significant) axons than measured in untreated control neurons (untreated control 357 Ϯ 13 m vs cyclopamine/ShhN 310 Ϯ 14 m, p Ͻ 0.05; Fig. 3F ). Like the Gli inhibitor GANT61, cyclopamine treatment without ShhN resulted in reduced axon growth (untreated control 357 Ϯ 13 m vs cyclopamine 282 Ϯ 20 m, p Ͻ 0.01). Therefore, it appears that Shh pathway activity in the cell body or dendrites contributes to axon growth in the primary culture system.
We repeated the experiments using older neurons (Fig. 3B) . Although tracing individual axons was no longer reliable in older neurons (Fig. 3G) , we could quantify axon density based on areal changes in immunofluorescence intensity of the Tuj1-labeled axons. We observed significantly increased axon density only when ShhN was applied to the somatodendritic compartment, not when it was added to the axons of the neurons (Fig. 3G,H ) . The blocking effect of cyclopamine was again observed only when it was added to the somatodendritic side of the neurons. Furthermore, we infected neurons with a lentiviral construct that harbored the Smo shRNA (Fig. 2G) . We found that the axon length and density of ShhN-treated, Smo shRNA-infected neurons were significantly less than those of the axons of ShhN-treated, control shRNA-infected neurons, as deduced from fluorescence intensity of the Tuj1-immunolabeled axons (Fig. 3 I, J ) . Together, these findings suggest that, in developing hippocampal neurons, Shh signaling begins from the cell bodies/dendrites, is mediated through Smo and Gli, and stimulates axon outgrowth.
Shh-induced axon elongation occurs in neurons that contain or lack the primary cilium
The primary cilium, a small membranous protrusion Beales and Jackson, 2012 localized receptors, we investigated the role of primary cilia in mediating the Shh-induced axon elongation of hippocampal neurons.
In the initial stage of this work, we characterized several markers for revealing the primary cilium in cultured hippocampal neurons, using antibodies specific to acetylated ␣-tubulin (acTub; Wheatley et al., 1996) , adenylate cyclase III (ACIII; Bakalyar and Reed, 1990), and Arl13b (Caspary et al., 2007) . Immunolabeling of acTub is commonly used to mark the primary cilium in several non-neuronal cell types such as NIH 3T3 fibroblasts and mouse embryonic fibroblasts (for examples, see Fan et al., 2014 and Chong et al., 2015) . In hippocampal neurons, however, we observed widely expressed acTub throughout the cell bodies and neurites, preventing its use as a marker for visualization of cilia in neurons (also see Berbari et al., 2007) . Conversely, antibodies to ACIII, RPCA-ACIII, and Arl13b worked well in revealing primary cilia in neurons. We therefore used ACIII as the cilium marker in this study (Fig. 4 A, AЈ) .
In young, developing neurons at the stage when axons grow rapidly (1-3 DIV), we found that only ϳ20% of cells had ACIIIimmunolabeled cilia (Fig. 4 A, B) . This finding is in agreement with the observation made by Berbari et al. (2007) . In addition, we found that treatment with ShhN or SAG did not change the number of neurons that had ACIII-labeled cilia (Fig. 4B) .
As hippocampal neurons grew in culture, we noticed that more neurons bore a primary cilium. From 8 to 22 DIV, ϳ80% of neurons were found to have ACIII-labeled primary cilia (Fig.  4C) . The length of the cilium also increased as neurons matured, from ϳ2 m at 2 DIV to nearly 8 m at 15 DIV (Fig. 4D) . Interestingly, from 2 through 22 DIV, ShhN treatment did not affect either the number of cilium-bearing neurons or the length of the cilia (Fig. 4C,D) .
Given that the majority of developing neurons (at 2 DIV) lacked cilia and that the growth of cilia was unaffected by ShhN treatment, we next compared axon outgrowth from neurons that contained or lacked a cilium (Fig. 4E-H ) . We observed that ShhN promoted axon elongation in neurons regardless of the presence or absence of a detectable ACIII-immunolabeled cilium (Fig. 4E-I ) . We repeated the assessment of axon growth during the first 3 DIV and observed increased axon growth in both the ciliated and unciliated Shh-treated cells (Fig. 4I ) . These results suggest that Shh may act independently of primary cilia to promote axon elongation.
Shh promotes Smo trafficking in dendrites of hippocampal neurons
Our previous immunoelectron microscopy showed that, in addition to the primary cilium, most Smo molecules in hippocampal neurons localize to the dendrites (Petralia et al., 2011a) . We examined the dendrites of these neurons further and found that Smo immunogold particles associated directly with several types of trafficking and signaling organelles, including clathrin-coated pits and vesicles (Fig. 5 A, B) and early or sorting endosomes (Fig.  5C-F ) .
To determine the distribution pattern and the trafficking behavior of Smo in the landscape of an entire hippocampal neuron, we expressed hippocampal neurons ectopically with tdTomatotagged Smo. We first examined neurons coexpressing Smo::tdTomato and Glix8::EGFP (Fig. 5G) . In untreated control neurons, detectable Smo::tdTomato was seen more frequently in the primary cilium (Fig. 5G-I ) than in the proximal parts of the dendrites (arrowheads in Fig. 5I, top) . After ShhN treatment, however, a large number of Smo::tdTomato puncta were found in the dendrites of many neurons ( Fig. 5G-I ). It is possible that the dendrites are the active Shh-signaling regions and that Smo relocates to participate in Shh signal transduction in dendrites.
We next cotreated Smo::tdTomato-expressing neurons with ShhN and the Gli inhibitor GANT61 (Lauth et al., 2007) . GANT61 (10 M) did not seem to affect Shh-elicited dendritic Smo distribution (Fig. 5 I, J ) . Similarly, when neurons were treated with ShhN in the presence of latrunculin A (0.48 M), a drug that sequesters actin monomers, the overall dendritic Smo distribution was not visibly different from ShhN-only control (Fig. 5 I, J ) . Therefore, Shh-induced Smo distribution in the dendrite appears to be independent of Gli and may not require actin.
We next examined neurons coexpressing Smo::tdTomato and Rab5::EGFP, a marker for early endosomes. Smo puncta, particularly those located in the cell body and dendrites, largely colocalized with Rab5-marked endosomes (Fig. 5 K, L) . We then performed live-cell imaging experiments (Fig. 5 M, MЈ) . We focused on examining ShhN-treated neurons and analyzed two transport properties of Smo in dendrites: direction and velocity. Kymograph analysis (Fig. 5N ) showed that Smo puncta in dendrites move in both anterograde (1.63 m/s) and retrograde (1.43 m/s) directions (Fig. 5O) .
Shh pathway activation increases profilin 1 protein level
Shh signaling initiates a transcriptional response that is mediated by the Gli family of transcription factors. Inhibiting Gli1 activity with GANT1 prevented increased axonal length in response to Shh (Fig. 2 H, I ). We know that activation of the pathway in young hippocampal neurons stimulates transcription of Ptch and Gli1 (Fig. 1A) and we predicted that upregulation of additional cellular components mediates the axon growth response.
In an initial survey, we noticed that the level of mRNA for Pfn1 was increased in ShhN-treated neurons (2.63-fold from 3 biological replicates by microarray and average 2.95-fold from 4 biological replicates by qRT-PCR). Profilins are evolutionarily conserved actinbinding proteins that are best known for their role in regulating actin polymerization (Carlsson et al., 1977; Witke, 2004) . Pfn1 protein increased rapidly in hippocampal neurons during the first 3 d in culture (Fig. 6A,B) , a period coinciding with active axon outgrowth in these neurons ( Fig. 2D ; Banker and Goslin, 1988) . Remarkably, adding ShhN to the cultures induced a still further and significant increase in Pfn1 protein abundance (Fig. 6A,B) . This increase was consistently observed from 4 -6 independent experiments. To determine whether Pfn1 was a direct Gli target, we analyzed the regulatory sequences for Pfn1. We did not find any consensus Gli-binding sites (Kinzler and Vogelstein, 1990) in the 10 kb upstream nor in the 100 bp downstream from the transcription start site. Two scenarios could explain this: (1) there is an unconventional Gli-binding site that serves as a promoter for Gli1 or (2) Gli1 promotes the production of an intermediate factor that in turn regulates Pfn1 transcription or translation.
Because the ShhN-elicited increase in Pfn1 protein level was particularly evident in the first 2 d, we performed more experiments during this early period of axon outgrowth. To verify that the ShhN-stimulated Pfn1 increase depended on Smo, we tested the effects of SAG and cyclopamine. SAG (400 nM) increased the Pfn1 level, averaging ϳ4.4-fold from 4 independent experiments (Fig. 6C,D) . Cyclopamine, when added together with ShhN, reduced the Pfn1 protein down to the basal level in some cases (Fig.  6C, left blot) and below the basal level in other cases (Fig. 6C , right blot). When cyclopamine was given to neurons alone, it lowered Pfn1 abundance below the basal level of untreated control neurons (Fig. 6E) . We also evaluated whether Gli was involved using the Gli inhibitor GANT61. GANT61 prevented the ShhN-elicited Pfn1 increase at low doses and suppressed total Pfn1 levels at higher doses (Fig. 6C,F ) . These results suggest that, in hippocampal neurons, the ShhN-increased Pfn1 protein level and the constitutive basal level of Pfn1 depend on Smo and Gli.
To answer the question of whether increased Pfn1 expression level was specifically induced by Shh pathway activity, we examined Pfn1 protein levels in neurons that were treated with BDNF. We chose to compare Shh to BDNF for two reasons. First, using a similar cultured hippocampal neuron system, BDNF has been shown to be a potent growth factor in stimulating axon growth (Cheng et al., 2011) . Second, BDNF signaling pathway does not seem to interact directly with Shh signaling pathway because BDNF does not induce Gli1 expression (Fig. 1 B, C) and adding ShhN to neurons also does not increase BDNF level (P.J.Y., unpublished data). We treated hippocampal neurons with BDNF (50 ng/ml) from 1-3 d, as we did with Shh treatment. Unlike Shh, BDNF did not increase Pfn1 protein level at any time point (Fig.  6G) . The increased level of phosphorylated CREB in BDNFtreated neurons validated BDNF's activity.
We also wanted to know whether Shh activity increased Pfn1 protein in cells other than neurons. We chose NIH3T3 fibroblasts because they are known to respond to Shh activity (Taipale et al., 2000; Chen et al., 2002a,b; Fan et al., 2014) . Unlike their effect on hippocampal neurons, ShhN or SAG did not appear to affect Pfn1 abundance in NIH3T3 cells (Fig. 6 H, I ) despite their robustly elevating the Gli1 level, a readout of the activated Shh pathway (Fig. 6H ) . Unlike its effect on hippocampal neurons, cyclopamine did not reduce the Pfn1 level in 3T3 cells (Fig. 6 H, I ).
Of the four known Pfn isoforms in mammalian cells, Pfn1 is expressed ubiquitously (Witke, 2004; Birbach, 2008) . Another Pfn isoform, Pfn2a, is believed to be brain specific (Witke, 2004; Birbach, 2008; Michaelsen et al., 2010) . To determine whether the Shh-induced effect was specific to Pfn1, we examined Pfn2a. As expected, Pfn2a was detected in hippocampal neurons; however, its level was not affected by ShhN treatment (Fig. 6 J, K ) .
We also examined cofilin, an actin filament-severing protein (Carlier et al., 1999 ) that has been implicated in neurite growth (Flynn et al., 2012; Yamauchi et al., 2013) . When we measured the active form of cofilin (Arber et al., 1998; Yang et al., 1998) , which has an unphosphorylated serine 3 (Ser3), we did not detect a discernible difference in its abundance between ShhN-treated neurons and untreated neurons (Fig. 6 L, M ) . However, when we measured Ser3-phosphorylated cofilin, a catalytically inactive form (Arber et al., 1998; Yang et al., 1998 ), we found that its level in ShhN-treated neurons was significantly higher than in untreated controls (Fig. 6 N, O) . Furthermore, treatment with cyclopamine clearly blocked the ShhN-induced effect and, in fact, reduced phosphorylated cofilin below the control level (Fig.  6 N, O) . Likewise, GANT61 also markedly lowered phosphorylated cofilin abundance to a nearly undetectable level (Fig.  6 N, O) .
Profilin 1's actin binding ability is necessary for Shh-induced axon elongation
To investigate whether increasing Pfn1 levels can affect the length of axons in developing hippocampal neurons, we overexpressed Pfn1 in these neurons. We transfected neurons at 2 DIV and examined them 1 d later (Fig. 7A) . We chose to use 2 DIV neurons because of their better transfection efficiency than 0 or 1 DIV neurons. We found that overexpression of WT Pfn1 produced significantly longer axons (Fig. 7B) . The average axon length of neurons expressing WT Pfn1 was 272 Ϯ 18 m, whereas the average axon length of neurons expressing a control vector was 222 Ϯ 13 m (n ϭ 30, p ϭ 0.031).
We next compared the axon length of neurons overexpressing Pfn1 mutants. Pfn1 mutants C71G, E117G, G118V, and M114T occur in patients with familial amyotrophic lateral sclerosis (ALS) . For comparison, we used a synthetic Pfn1 mutant H120E because this mutation is known to disrupt Pfn1 blinding to actin (Suetsugu et al., 1998) . Among the ALSrelated Pfn1 mutants, three of them retained the axonlengthening effect of WT Pfn1 (Fig. 7B) . In contrast, the expression of the Pfn1 mutant C71G no longer lengthened the axons and this loss of axon lengthening was similarly observed in neurons expressing the Pfn1 H120E mutant (Fig. 7B) . Interestingly, patients with the Pfn1 C71G mutation exhibit a more aggressive early-onset disease compared with other ALS-related Pfn1 mutations . Furthermore, loss of actin binding of the C71G has been noted in motor neurons .
We also compared the effect of ShhN-induced axon elongation between neurons expressing Pfn1 C71G and a control vector. Neurons expressing Pfn1 C71G were refractory to the ShhNinduced axon lengthening effect (Fig. 7C,D) . Upon ShhN treatment, the average axon length of C71G-expressing neurons was 228 Ϯ 27 m (n Ն 30), whereas the average axon length of vector expressing neurons was 330 Ϯ 27 m (n Ն 30). Likewise, expression of the Pfn1 H120E mutant prevented ShhN-induced axon lengthening (Fig. 7D) .
The above results suggest that Pfn1's actin binding is important for the Shh-induced axon lengthening. Given that the primary function of profilins is to regulate actin polymerization, we treated neurons with ShhN in the presence of latrunculin A, a drug that prevents actin polymerization (Fig. 7E) . When we treated neurons with latrunculin A (0.48 M) alone, the length of axons was similar to that of the control (no latrunculin A), but many axons displayed curved or looped trajectories (Fig. 7F ) . When we treated neurons with latrunculin A together with ShhN, latrunculin A blocked ShhN-elicited axon lengthening (Fig. 7G ).
Profilin1 mediates Shh-induced axon elongation
The above results show that neurons overexpressing WT Pfn1 grow longer axons. We next knocked down Pfn1 protein levels using RNA interference to determine the roles of endogenous Pfn1 in basal and Shh-induced axon growth. Among several Pfn1 shRNA candidates tested, one of them (shRNA #49) consistently and effectively reduced Pfn1 protein levels. Figure 8A shows an example of the Pfn1 shRNA-expressing neurons in which Pfn1 immunolabeling was not visible. Figure 8B shows significantly reduced Pfn1 levels in neurons infected with a lentiviral construct that harbored the same Pfn1 shRNA. Using this Pfn1 lentiviral shRNA construct, we examined the effect of reduced Pfn1 on ShhN-induced axon growth using the compartmentalization culture system (Fig. 8C) . We found that axon length and density of ShhN-treated, Pfn1 shRNA-infected neurons were significantly less than the axons of ShhN-treated, control shRNA-infected neurons as deduced from fluorescence intensity of the immunolabeled axons (Fig. 8 D, E) . A comparison of axon density between ShhN-treated neurons and controls showed that the reduction of Pfn1 in developing hippocampal neurons prevents Shhmediated induction of axon elongation (Fig. 8F ) .
Finally, to test whether dendritic distribution of Smo requires Pfn1, we cotransfected neurons with Pfn1 shRNA and Smo::tdTomato and evaluated Smo distribution. As shown in Figure 8 , G and H, the Shh-elicited Smo distribution was similar in neurons expressing the Pfn1 shRNA and the control shRNA. Together, these findings suggest that Pfn1 upregulation induced by Shh signaling contributes to axon growth but does not have a detectable effect on Smo distribution in dendrites.
Discussion
In addition to its role in embryonic tissue patterning (Ingham and McMahon, 2001; Varjosalo and Taipale, 2008) , the ability of the Shh signaling pathway to regulate neuronal connectivity both during and after development has been observed in many parts of the nervous system (Wallace, 1999; Wechsler-Reya and Scott, 1999; Dahmane and Ruiz i Altaba, 1999; Kunes, 2000; Lewis et al., 2004; Umetsu et al., 2006; Okada et al., 2006; Sanchez-Camacho and Bovolenta, 2008; Chou et al., 2010; Gonzalez-Reyes et al., 2012; Harwell et al., 2012; Yam and Charron, 2013; Persson et al., 2014; De Luca et al., 2015) . In the neurons of the hippocampus, Shh and the required downstream signaling elements are known to be present (Traiffort et al., 1999; Sasaki et al., 2010; Petralia et al., 2011a,b; Mitchell et al., 2012) . Here, using dissociated-cell cultures of rat hippocampal neurons as a model system, we find that the activation of the Shh pathway stimulates the extension of the axon. The Shh-elicited effect on axons depends on Smo and Gli1, but occurs regardless of whether the neurons have developed a primary cilium.
The experiments in this study have focused on the events occurring in hippocampal neurons in response to experimentally provided Shh. Although our findings demonstrate that the Pfn1 level (Fig. 8F ) or Pfn1-actin interaction (Fig. 7 B, D) is important for the accelerated axon growth induced by exogenously added Shh, Pfn1 does not seem to be essential for axon growth that depends on basal endogenous Shh signaling activity. A remaining question, then, is how the endogenous level of Shh signaling is regulated in the hippocampus. Because Shh secretion can be induced in a neuronal cell line upon depolarization (Beug et al., 2011) , one possibility is that neuronal activity could be one of the endogenous, physiological factors that controls Shh signaling activity.
The temporal and morphological features of axon growth in cultured hippocampal neurons have been characterized meticulously (Banker and Goslin, 1988) . In elucidating the mechanism of Shh signaling and axon growth, these cultured neurons offer an additional and unique advantage. During the first few days in culture-the age when young neurons actively grow their axons-only a fraction of these neurons (ϳ20%) contain the primary cilia (Fig. 4; and Berbari et al., 2007) . Because the primary cilium is thought to be the signaling center for Shh signal transduction in non-neuronal cells (Caspary et al., 2007; Beales and Jackson, 2012; Louvi and Grove, 2011) and some neurons (Breunig et al., 2008; Baudoin et al., 2012; Willaredt et al., 2013) , we reasoned that the observed Shhstimulated axon growth should take place only in the ciliumbearing neurons. Surprisingly, our results reveal that Shh induces axon elongation in young hippocampal neurons regardless of whether they bear cilia. It is possible that ACIII, a commonly used neuronal ciliary marker, does not mark all populations of the cilia in young hippocampal neurons. For this reason, we have compared the neurons labeled with additional ciliary markers, including RPCA-ACIII and Arl13b (Berbari et al., 2007; Caspary et al., 2007) . Results from using all three ciliary markers consistently show ϳ20% of young cultured hippocampal neurons with cilia. To prove definitively that the cilia are not required for Shhelicited axon elongation, we would need to remove the primary cilia experimentally and then assess axon growth of such neurons in response to Shh. A major caveat of such studies, however, is that the experimental approaches used to remove or disrupt the cilia could also disturb other components of the neurons or interfere with some neuron-specific functions or properties such as axon growth. Therefore, further studies are needed to thoroughly and rigorously characterize the specificity of the existing, as well as any new, cilium-disrupting reagents and methods.
It is interesting to note that, despite being molecularly unrelated proteins, Pfn1 exhibits two surprising similarities with Bassoon and Neuropilin1. All three proteins have been suggested to regulate axon growth, albeit in different contexts and at a different developmental stages. Pfn1 is required for the axon outgrowth of motor neurons, as demonstrated by studies from Drosophila Pfn mutants (Wills et al., 1999) and from patients with mutations in the Pfn1 gene . Bassoon is a presynaptic active zone protein and its mutation causes defective hippocampal mossy fibers (Lanore et al., 2010) . Neuropilin family proteins have been invoked as axon guidance proteins in diverse types of neurons (He and Tessier-Lavigne, 1997; Kolodkin and Ginty, 1997) . Another similarity among Pfn1, Bassoon, and Neuropilin1 is their unconventional response to Shh signaling activity. None of their genes contains the consensus-binding se- quences for Gli family transcription factor (Kinzler and Vogelstein, 1990 ), yet the protein abundance for all of them is significantly increased upon Shh stimulation (Hillman et al., 2011; Mitchell et al., 2012; this work) . Although these two similarities are notable, the interaction between the Shh pathway and each of these three proteins is somewhat different. Although it does not contain the Gli target site, Bassoon has 11 potential binding sites for transcription factor N-myc, a target for Gli family transcription factors (Kenney et al., 2003; Oliver et al., 2003) . This suggests an additional layer of regulation between Shh pathway activity and Bassoon expression levels. For Neuropilin1, it serves as a component of a positive regulatory loop for the Hh pathway: Hh pathway activity induces the expression of Neuropilin1, whereas knock-down of Neuropilin1 suppresses Shh pathway activity (Hillman et al., 2011) . In the case of Pfn1, although it is not yet known how the Shh pathway regulates its abundance, overexpression of Pfn1 or Pfn1 actin-binding-deficient mutants do not seem to affect Shh pathway activity (P.J.Y., unpublished data). Furthermore, unlike neurons, Pf1 expression levels in 3T3 cells are not changed by Shh activity (Fig. 6H,I ). Together, these findings indicate that elaborate and complex Shh pathway regulatory networks likely operate in neurons.
Among the Pfn isoforms, Pfn1 and Pfn2a are expressed in the mammalian brain (Witke, 2004; Birbach, 2008; Michaelsen et al., 2010) . We find that both Pfn1 and Pfn2a are expressed in young hippocampal neurons, but that only Pfn1 protein expression level is upregulated by Shh pathway activity. Future experiments in which the ratio of the Pfn isoforms is altered by selective reduction or elimination will provide a better understanding of the regulation of Pfn in developing neurons.
Our data also indicate that the Shh pathway exerts an effect on another actin regulatory protein, the actin-filament-severing protein cofilin (Carlier et al., 1999 ). Although the level of serine 3-unphosphorylated cofilin is not affected by Shh activity, the serine 3-phosphorylated cofilin is markedly increased in Shh-treated neurons (Fig.  6 ). The serine 3-unphosphorylated cofilin is catalytically active, whereas phosphorylation at serine 3 makes it inactive (Arber et al., 1998; Yang et al., 1998) . In addition, inhibiting actin assembly by treating neurons with latrunculin A prevented the Shh-induced extension of axons. Together, these findings support a model in which the Shhsignaling pathway promotes axon growth by regulating the expression and activity of actin filament modifiers in developing hippocampal neurons.
We found evidence for basal Shh pathway activity in the rat hippocampal culture system. In the absence of ShhN or SAG treatment, Shh pathway inhibitors (cyclopamine and GANT61) reduced axon growth and Pfn1 protein levels. The Glix8::EGFP transcriptional reporter also revealed low levels of pathway activity that are not detectable in untreated NIH 3T3 cells (C.O., unpublished data). These results suggest that the Shh pathway could be important in regulating the timing and extent of axon growth in vivo. Intriguingly, using compartmentalized devices, we found that Shh signaling in the dendrites and soma triggers an anterograde sequence of events that extend axon length. We also found that Smo localization to dendrites increases upon Shh stimulation. In cilia-mediated signaling, Smo localization also changes when the pathway is activated. Perhaps localized Shh activates the pathway activity, alters Smo localization, triggers transcriptional changes (including upregulation of Pfn1), and results in axon extension. We propose a model in which, during hippocampal development, the axon of a neuron receiving Shh input to dendrites will undergo accelerated elongation, thereby reaching its target neurons sooner than neurons not receiving Shh input. Future in vivo experiments should provide important next steps in understanding the physiological relevance of Shh signaling in the development of hippocampal neurons.
